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In the present paper lignites from the Cambay basin have been studied for their hydrocarbon potential.
The samples were collected from three lignite ﬁeldseVastan, Rajpardi and Tadkeshwar, and were
investigated by petrography, chemical analyses and Rock-Eval pyrolysis. The results are well comparable
with the empirically derived values. The study reveals that these ‘low rank C’ lignites are exceedingly rich
in reactive macerals (huminite þ liptinite) while inertinite occurs in low concentration. These high
volatile lignites generally have low ash yield except in few sections. The Rock-Eval data indicates the
dominance of kerogen type-III with a little bit of type-II. The study reveals that the lignites of Vastan
(lower and upper seams) and Tadkeshwar upper seam are more gas-prone while Rajpardi and Tad-
keshwar lower seams are oil-prone. Further, the ﬁxed hydrocarbons are several times higher than the
free hydrocarbons. The relation between TOC and ﬁxed hydrocarbon indicates that these lignites are
excellent source rock for hydrocarbon which could be obtained mainly through thermal cracking. The
empirically derived values reveal a high conversion (94e96%) and high oil yield (64e66%) for these
lignites.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Sedimentary basins have integrated systems comprising of
source rocks, reservoirs, seals and migration pathways (Magoon
and Dow, 1994; Ayers, 2002; Riese et al., 2005). A signiﬁcant
quantity of oil-prone organic matter is present in coal but it has
often been debated whether coal acts as an effective oil-prone
source rock (Wilkins and George, 2002). The diverse forms of
organic matter present in coal are collectively known as kerogen.
Some researchers, however, believe that kerogens are the constit-
uents of dispersed organic matter (Hunt, 1972; Durand,1980; Tissot
and Welte, 1984). Based on chemical composition kerogen may be
classiﬁed as types I, II, III and IV (Van Krevelen, 1961; Forsman,
1963; Cornelius, 1978; Robert, 1980). Proportions of carbon,
hydrogen and oxygen may also be made the basis for kerogen
classiﬁcation. Petrographically different typesmay be characterizedþ91 5422368174.
h).
of Geosciences (Beijing).
ijing) and Peking University. Produc
d/4.0/).using maceral terminology (Pashin, 2008). Liptinites are equivalent
to kerogen types I and II but are less than 15% in most of the humic
coal beds while perhydrous vitrinite is a signiﬁcant constituent of
several JurassiceCretaceous coal beds (Suarez-Ruiz and Crelling,
2008). Humic organic matter is also characterized as kerogen
type-III which has H/C atomic ratio <1 and O/C atomic ratio in
0.05e0.40 range. Type-III kerogen is dominated by aromatic
structures with minor proportion of aliphatic compounds which is
reverse in case of type-I and type-II kerogens. Often suppression in
vitrinite reﬂectance is observed in the samples having relatively
high hydrogen content (Teichmuller, 1974). Though vitrinite is
considered as gas prone, yet those having hydrogen more than 5.5%
are progenitor for liquid hydrocarbons (Bertrand, 1984; Smith and
Cook, 1984). This appears to be the case in Rajpardi lignites of
Cambay basin which is perhydrous in nature (Singh et al., 2012).
Hydrocarbon generation could be considered as an integral part
of coaliﬁcation. However, the way in which expulsion of petroleum
takes place from coal is also not fully understood (Wilkins and
George, 2002). Paterson et al. (1997) believed that oil generation
may begin from sapropelic kerogen at low vitrinite reﬂectance of
0.35 corresponding with lignite. According to Levine (1993) thetion and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
Table 1
Regional stratigraphic succession with lithounits in Cambay basin, Gujarat (based on the work of Oil & Natural Gas Corporation).
Age Formation Lithounits Thickness (m)
Pleistoceneerecent Alluvium Varied colored sands, soil and kankar e
Middle MioceneePliocene Jhagadia Formation Light colored sandstones, marls, limestone and conglomerate 300
Early Miocene Kand Formation Limestone, marls, clays with sandstone bands and agate bearing conglomerate 450
Early most Miocene Babaguru Formation Agate conglomerates 150
.......
Ferruginous sandstone
.......
Sandy
Oligoceneelate Eocene aTadkeshwar Formation Grey clay 150
Carbonaceous clay
Lignite
Carbonaceous clay
Lenses of sandstone
Carbonaceous clay, lignite
Grey clay
Late Eoceneeearly Eocene Numulitic Formation Numulitic limestone, clays with sandstone lenses 120
Early Eocene Vagadkhol Formation Bentonitic clays, friable sandstone and conglomerates 120
wwwwwwwwwwwwUnconformitywwwwwwwwwwww
Cretaceous Deccan traps Basalts with basic intrusives e
a Now established as early Eocene in age (Sahni et al., 2006).
P.K. Singh et al. / Geoscience Frontiers 7 (2016) 811e819812methane generated at lignite rank is not retained in coal due to
absence of structure to retain economic quantity of gas at this stage
and is expelled due to compaction. Contributions have also been
made by Wilkins and George (2002), Farhaduzzaman et al. (2012),
Gentzis (2013), Hakimi et al. (2013) and Marshall et al. (2015).
In the present investigation an attempt has been made to esti-
mate the hydrocarbon potential of the lignites from Cambay basinFigure 1. Geological map of Cambay basin (redrawnbased on the study carried out on 44 composite samples of Vastan,
Rajpardi and Tadkeshwar mines.
2. Geological setting
Most of the area has alluvium cover. Here the lignite bearing
sequences occur in Tadkeshwar Formation. The lower part of thisafter GSI, 2012) and location of lignite mines.
P.K. Singh et al. / Geoscience Frontiers 7 (2016) 811e819 813formation comprises mainly of clays with lignite band and lignite.
The upper part of the formation is dominated by ferruginous
sandstone alongwith sands and few lenses of grey clay. Tertiary
sedimentary rocks lie over the Deccan traps. These Tertiary sedi-
mentary rocks dip at a low angle and trend in NEeSW direction and
comprise sandstone, conglomerate, clay, limestone, and lignite.Table 2
Petrographic and chemical composition of the lignite of Cambay basin, Gujarat.
S. No. Humi (vol%) Lipti (vol%) Inerti (vol%) Mineral
matter
(vol%)
Top
V11
Vastan upper
lignite seam
68.8 (76.0) 9.5 (10.6) 12.1 (13.4) 9.5
V10 65.2 (69.8) 12.6 (13.5) 15.6 (16.7) 6.6
V9 80.6 (88.0) 9.2 (10.0) 1.8 (1.9) 8.4
V8 67.3 (74.9) 13.2 (14.7) 9.4 (10.4) 10.2
V7 69.6 (79.8) 9.3 (10.7) 8.3 (9.6) 12.7
V6 67.8 (78.8) 9.0 (10.5) 9.2 (10.7) 14.0
V5 66.9 (71.8) 8.4 (9.0) 17.9 (19.2) 6.8
V4 60.9 (70.8) 16.6 (19.3) 8.6 (10) 14.0
V3 75.4 (85.0) 6.9 (7.8) 6.4 (7.2) 11.3
V2 58.0 (63.6) 16.0 (17.5) 17.2 (18.9) 8.8
Bottom
V1
82.1 (88.0) 8.6 (9.2) 2.6 (2.8) 6.8
Mean 69.3 (76.9) 10.8 (12.1) 9.9 (10.9) 9.9
Top
VL6
Vastan lower
lignite seam
75.6 (88.4) 7.6 (8.8) 2.4 (2.8) 14.5
VL5 78.2 (89.1) 6.9 (7.9) 2.6 (2.9) 12.3
VL4 78.3 (84) 11.9 (12.8) 2.9 (3.2) 6.8
VL3 74.9 (80.6) 12.5 (13.5) 5.6 (5.9) 7.0
VL2 83.1 (91.1) 7.2 (7.9) 1.00 (1.1) 8.8
Bottom
VL1
72.1 (84.9) 8.2 (9.7) 4.6 (5.4) 15.2
Mean 77.0 (86.3) 9.1 (10.1) 3.2 (3.6) 10.8
Top
R10
Rajpardi lignite
seam
68.7 (76.4) 11.9 (13.2) 9.3 (10.3) 10.1
R9 80.0 (87.5) 8.7 (9.5) 2.8 (3.0) 8.5
R8 71.3 (76.8) 15.5 (16.6) 6.1 (6.6) 7.1
R7 76.4 (82.1) 12.3 (13.2) 4.4 (4.7) 6.9
R6 70.8 (76.4) 16.3 (17.6) 5.6 (6.1) 7.4
R5 71.1 (78.6) 16.2 (17.9) 3.2 (3.5) 9.5
R4 67.9 (79.6) 11.6 (13.6) 5.8 (6.8) 14.8
R3 76.1 (82.9) 10.2 (11.1) 5.6 (6.1) 8.2
R2 70.4 (82.8) 11.3 (13.3) 3.4 (3.9) 14.9
Bottom
R1
73.2 (79.7) 9.9 (10.8) 8.7 (9.5) 8.1
Mean 72.6 (80.3) 12.4 (13.7) 5.5 (6.1) 9.6
Top
T10
Tadkeshwar upper
lignite seam
65.7 (71.8) 24.4 (26.7) 1.4 (1.5) 8.5
T9 58.4 (63.1) 23.5 (25.4) 10.7 (11.5) 7.5
T8 75.9 (82.3) 10.2 (11.0) 6.2 (6.7) 7.8
T7 55.4 (62.1) 19.8 (22.2) 14.0 (15.7) 10.8
T6 64.5 (69.6) 14.9 (16.1) 13.3 (14.4) 7.4
T5 58.5 (63.5) 19.4 (21.0) 14.2 (15.5) 7.9
T4 54.7 (62.4) 18.2 (20.7) 14.8 (16.9) 12.2
T3 72.9 (83.5) 8.4 (9.6) 6 (6.9) 12.8
T2 69.8 (75.4) 18.3 (19.7) 4.6 (4.9) 7.3
Bottom
T1
75.9 (82.6) 12.1 (82.6) 3.9 (4.3) 8.1
Mean 65.2 (71.6) 16.9 (18.6) 8.9 (9.8) 9.0
Top
TL7
Tadkeshwar lower
lignite seam
66.5 (81.1) 14.1 (17.2) 1.4 (1.7) 18.1
TL6 56.8 (67.5) 22.6 (26.8) 4.8 (5.7) 15.8
TL5 61.5 (70.8) 21.2 (24.4) 4.2 (4.8) 13.1
TL4 58.3 (79.9) 10.7 (14.7) 3.9 (5.4) 26.9
TL3 57.5 (83.1) 6.8 (9.8) 4.9 (7.2) 30.8
TL2 51.9 (67.0) 17.9 (23.0) 7.7 (9.9) 22.4
Bottom
TL1
61.9 (70.8) 16.97 (19.4) 8.6 (9.8) 12.6
Mean 59.2 (74.3) 15.7 (19.3) 5.1 (6.4) 19.9
Values in parenthesis are recalculated on m.m.f. basis. HumieHuminite; LiptieLiptinite;They range in age from early Eocene to early Miocene. The detailed
geology of the area has been provided by Oil and Natural Gas
Corporation (Pandey et al., 1993).
The region was initially surveyed by Blanford (1872) and sub-
sequently Bose (1908) discussed about the geology and mineral
resource of the area. The area has also been studied by SudhakarVRr (%) Ash (wt.%) Dry ash free (wt.%) Dry ash free (wt.%) Sdry
(wt.%)
Volatile
matter
Fixed
carbon
C H N O
0.30 4.18 58.91 41.09 64.91 5.07 1.19 28.19 1.06
4.35 54.61 45.39
0.27 5.88 56.81 43.19 69.33 5.60 1.15 23.52 0.58
4.68 54.34 45.66
4.61 68.81 31.18
4.5 54.62 45.38
0.29 5.41 62.57 37.43 68.42 5.58 1.15 24.23 0.77
4.63 59.97 40.03
4.48 56.2 43.8 67.29 5.05 1.30 26.11 0.28
4.61 61.12 38.87
0.33 4.5 55.35 44.65 68.70 4.91 1.05 25.20 0.14
0.30 4.71 58.48 41.52 67.73 5.24 1.17 25.45 0.57
0.33 11.92 54.63 45.37
5.76 44.32 55.68
0.34 6.57 44.06 57.94
6.75 44.21 55.79
10.95 65.05 34.95
0.35 17.52 69.79 30.21
0.34 9.91 53.68 46.66
0.26 7.99 68.14 31.86 63.48 6.95 0.73 28.69 0.15
7.47 54.85 45.15
5.23 60.94 39.06
0.27 5.28 67.63 32.37 61.46 5.79 0.73 31.89 0.131
7.99 64.1 35.9
7.83 63.61 36.39
13.38 57.9 42.1
6.53 59.32 40.68
7.82 65.95 34.05
0.29 4.53 70.69 29.31 63.62 5.87 0.82 29.61 0.09
0.27 7.41 63.31 36.69 62.85 6.2 0.76 30.06 0.12
0.33 7.68 53.66 46.34 72.28 4.42 1.28 21.01 1.02
6.83 56.08 43.92
6.08 49.58 50.42 69.99 4.32 1.21 23.86 0.63
0.32 9.53 60.64 39.36
5.8 51.85 48.15
0.31 5.19 51.58 48.42 83.56 3.84 1.32 10.86 0.42
5.16 62.28 37.72
4.96 50.49 49.51 77.82 4.02 1.28 16.52 0.36
5.64 57.15 42.85
0.32 7.19 48.79 51.2 80.08 3.58 1.24 13.78 1.31
0.32 6.406 54.21 45.789 76.75 4.04 1.27 17.20 0.75
0.28 9.55 62.62 37.38
10.91 74.26 25.74
0.31 9.83 66.31 33.69
10.06 65.41 34.59
23.28 71 29
9.7 67.82 32.18
0.35 10.65 68.47 31.53
0.31 12.00 67.98 32.02
InertieInertinite.
P.K. Singh et al. / Geoscience Frontiers 7 (2016) 811e819814and Basu (1973). Oil and Natural Gas Corporation (ONGC) carried
out substantial work on the sedimentation, stratigraphy, structures
and the depositional setting of the Tertiary sedimentary rocks.
Their work started in the late ﬁfties and the details of their work till
early nineties are incorporated in their internal report (Pandey
et al., 1993). According to their study the area is structurally
disturbed and an anticline near Jhagadia plunges to the WSW. The
synclinal axis is faulted and the anticlinal axis has a sinuous
ENEeWSW trend. The ﬂanks of the anticlines maintain steep dips
of 50e60 with the southern limbs down thrown. There are two
unconformities in the region. One unconformity lies between
Deccan traps and Vagadkhol Formation which is marked by
conglomerate bed while the other unconformity lies between the
Lower clays and the Upper sandstones of Tadkeshwar Formation.
The general stratigraphic succession of the area is given in Table 1
and the geological map is shown in Fig. 1.3. Methodology
Lignite samples were collected from the working lignite mines
of Cambay basin following Pillar Sampling Method (Schopf, 1960)
so that the full seammay be reconstructed in laboratory. The mines
include Vastan, Rajpardi and Tadkeshwar. The samples were
crushed to 18 and 70 mesh sizes. While the former was used to
prepare polished particulate mount for petrography, the latter was
subjected to chemical analyses. The proximate anlaysis was carried
out as per BIS (2003). The ultimate analysis was carried out at NML,
Jamshedpur and CFRI, Dhanbad on Elementar Analysensysteme-
Vario-III as per ASTM D5373-08. The maceral analysis was per-
formed in Coal & Organic Petrology Laboratory, Banaras Hindu
University by Leitz Orthoplan Pol Microscope following Taylor et al.
(1998). The Pyrolysis was performed on Rock Eval-6 (make Vinci
Technologies, France) at R & D department, Oil India Ltd, DuliajanTable 3
Rock-Eval data of the lignite samples of Cambay basin, Gujarat.
S. No. Sample No. Tmax (C) S1 (mg HC/g) S2 (mg HC/g) S3 (mg CO2/g) PI
1 V11 416 0 54.63 16.33 0
2 V9 418 0.66 89.79 19.4 0.01
3 V7 416 7.23 176.27 16.41 0.04
4 V5 413 4.92 107.98 27.22 0.04
5 V3 412 1.63 78.73 25.44 0.02
6 V1 415 0.39 57.78 25 0.01
Mean 415 2.47 94.20 21.63 0.02
7 R10 410 17.20 196.49 23.96 0.08
8 R9 417 0.71 55.94 21.31 0.01
9 R7 412 9.91 128.77 29.33 0.07
10 R5 417 2.63 94.89 17.17 0.03
11 R4 415 6.47 117.21 22.55 0.05
12 R2 415 0.00 52.00 23.01 0.00
13 R1 413 9.47 164.59 28.75 0.05
Mean 414.14 6.63 115.70 23.73 0.04
14 T10 406 5.23 87.19 29.72 0.06
15 T9 385 7.41 117.39 20.53 0.06
16 T8 414 0.17 50.09 25.00 0.00
17 T7 410 2.98 54.68 31.46 0.05
18 T6 411 0.64 59.51 22.97 0.01
19 T4 379 7.99 108.46 17.04 0.07
20 T3 397 8.57 103.66 28.52 0.08
21 T1 413 3.38 70.26 35.38 0.05
Mean 401.88 4.55 81.41 26.33 0.05
22 TL-7 421 2.42 109.30 18.34 0.02
23 TL-5 423 1.47 67.28 20.83 0.02
24 TL-1 414 4.25 127.37 19.35 0.03
Mean 419.33 2.71 101.32 19.51 0.03
VeVastan upper lignite seam; ReRajpardi lignite seam; TeTadkeshwar upper lignite sea(Assam) to determine the hydrocarbon potential of these samples.
The analysis was carried out following the procedures of Espitalie
et al. (1997, 1986). For this purpose, the samples were heated in
an open pyrolysis system under non-isothermal condition and the
recorded FID signal was divided into two surfaces, S1 and S2, which
are expressed in mg HC/g of initial rock. The method is completed
by combustion (oxidation) of the residual rock recovered after py-
rolysis up to 850 C under artiﬁcial air (nitrogen). Online moni-
toring of the released CO and CO2 was done through infra-red cell.
This complementary data acquisition enables in the precise esti-
mation of total organic carbon content (TOC) and total mineral or
inorganic carbon content (TMC or TIC).
4. Result and discussion
4.1. Petrography
The Cambay basin lignites are rich in huminite macerals
whereas liptinites and inertinites occur in subordinate concentra-
tion (Table 2). Vastan upper and lower seams respectively comprise
of 76.9% and 86.3% huminite,12.1% and 10.1% liptinite and 10.9% and
3.6% inertinite (mmf basis). The mineral matter is 9.9% and 10.8%
respectively. Rajpardi seam consists of 80.3% huminite, 13.7% lip-
tinite and 6.1% inertinite (mmf basis) while it has 9.6% mineral
matter content. Similarly, Tadkeshwar upper and lower seams
respectively comprise 71.6% and 74.3% huminite, 18.6% and 19.3%
liptinite and 9.8% and 6.4% inertinite (mmf basis) while the mineral
matter is 9.0% and 19.9% respectively.
4.2. Chemical attributes
The lignites of Cambay basin have high volatile matter content.
These are (dry ash free basis) 58.5% and 53.7% respectively inS2/S3 P.C. TOC (%)
(100  g C/g)
HI (mg HC/g TOC) OI (mg CO2/g TOC) MINC
(wt.%)
3.35 4.53 35.22 155 46 1.23
4.63 7.51 46.07 195 42 1.44
10.74 15.23 46.95 375 35 1.52
3.97 9.37 54.52 198 50 2.33
3.09 6.67 51.35 153 50 1.87
2.31 4.83 49.36 117 51 1.79
4.68 8.02 47.25 198.83 45.67 1.70
8.20 17.74 52.15 377 46 1.57
2.63 4.70 34.70 161 61 1.24
4.39 11.51 52.77 244 56 2.18
5.53 8.09 35.70 266 50 1.24
5.20 10.27 42.64 275 53 1.62
2.26 4.32 38.60 135 60 1.52
5.72 14.45 56.10 293 51 1.95
4.85 10.15 44.67 250.14 53.86 1.62
2.93 7.67 47.99 182 62 1.74
5.72 10.36 43.22 272 48 1.40
2.00 4.17 41.16 122 61 1.69
1.74 4.79 40.18 136 78 1.89
2.59 4.99 40.29 148 57 1.58
6.37 9.67 35.41 306 48 1.40
3.63 9.32 52.94 196 54 2.21
1.99 6.11 48.56 145 73 1.78
3.37 7.13 43.72 188.38 60.13 1.71
5.96 9.27 38.77 282 47 2.33
3.23 5.71 36.08 186 58 2.11
6.58 10.92 39.83 320 49 6.24
5.26 8.63 38.23 262.67 51.33 3.56
m; TLeTadkeshwar lower seam.
Figure 2. Distribution of Tmax (C) and hydrogen index (HI) of the analyzed lignite
samples of Cambay basin (adopted after Koeverdon et al., 2011).
Figure 4. Cross plot between H/C and O/C atomic ratio (after Cornelius, 1978).
P.K. Singh et al. / Geoscience Frontiers 7 (2016) 811e819 815Vastan upper and lower seams while it is 63.3% in Rajpardi seam.
In Tadkeshwar upper and lower seams it is 54.2% and 67.9%
respectively. The ash yield is generally low but few sections have
shown moderately high ash content. It is 4.7% and 9.9% respec-
tively in Vastan upper and lower seams while 7.4% in Rajpardi
seam. In Tadkeshwar upper and lower seams the ash content is
6.4% and 12% respectively (Table 2). The ultimate analysis reveals
that Vastan lignites have (mean values) 67.73% carbon, 5.24%
hydrogen, 1.17% nitrogen, 25.45% oxygen and 0.57% sulfur while
Rajpardi lignites have 62.85% carbon, 6.20% hydrogen, 0.76% ni-
trogen, 30.06% oxygen and 0.12% sulfur. Tadkeshwar lignites are
characterized by 76.75% carbon, 4.04% hydrogen, 1.27% nitrogen,
17.20% oxygen and 0.75% sulfur (Table 2). Though the sulfur con-
tent is moderate but few sections have high sulfur content which isFigure 3. Cross plot between Hydrogen Index (HI) and Oxygen Index (OI).attributed to marine inﬂuence as reported by Singh et al. (2010,
2012). They have further reported that the formation of Vastan
and Rajpardi lignites took place in limnic to limno-telmatic envi-
ronment under a medium to very high water cover which resulted
into anaerobic preservation of organic matter with increasing
bacterial activity.
4.3. Liquefaction properties of Cambay basin lignites
Fisher et al. (1942) realized that the liquefaction behavior of coal
is highly inﬂuenced by its rank and composition while Bergius
(1926) could see that anthracite and coals having high fusain are
not effectively liqueﬁed. Given et al. (1980a,b) have discussed that
coals below medium volatile bituminous rank may be converted
into distillable products successfully. Thus lignite, sub-bituminous
coal and high volatile bituminous coal may be subjected to total
conversion into liquid hydrocarbon. Contributions have also been
made by Graham and Skinner (1929), Wu and Storch (1968) and
Gorin (1981).
Importance of liptinite for oil generation has been discussed by
several researchers (Tissot and Welte, 1984; Thompson et al.,
1985; Liu and Taylor, 1991; Snowdon, 1991). Singh (2012) and
Singh et al. (2013) have correlated the liptinites with oil conver-
sion percentage and also with oil yield. The minimum volume
percentage of liptinite in coal for oil generation has also been aFigure 5. Carbon and hydrogen content of investigated lignite shown in the simpliﬁed
Seyler’s chart. The ‘bright coal band’ is indicated by dashed line (after Cornelius, 1978).
Figure 6. Cross plot between vitrinite (Huminite) reﬂectance (VRr%) and Hydrogen
Index (HI) of Cambay basin lignites (adopted after Petersen, 2005). Coals with HI
values < 150 mg HC/g TOC are considered gas-prone as shown in the shaded area. HI
increases towards a maximum at around 0.7 Ro% (as represented by the HImax line)
before decreasing signiﬁcantly after oil window maturity is reached.
P.K. Singh et al. / Geoscience Frontiers 7 (2016) 811e819816subject of debate. Hunt (1991) believed 14e20% of liptinite (and
resinite) while Snowdon (1991) put it as little as 10% hydrogen-
rich macerals in coal, to be sufﬁcient for it to generate oil. It is
also discussed that all the liptinite macerals are not of the same
quality for oil generation. Qin et al. (1993) have put the order of
macerals with oil generating potential as alginite followed by
resinite, cutinite, sporinite, suberinite, vitrinite and inertinite.
Smith and Cook (1984) and Moore et al. (1992) have reported the
maximum oil generation from perhydrous vitrinite in the Gipps-
land basin of Australia.
The Cambay lignites have a vitrinite reﬂectance (VRr) range
from 0.27 to 0.34% which put them as low rank C according to ISO-
11760 (2005). Suppression of vitrinite reﬂectance is reﬂected in a
few sections in the Cambay basin lignites which is indicated by a
strong negative correlation (r ¼ 0.78) between VRr and
hydrogen. This is more prominent in Vastan (r ¼ 0.91) and
Rajpardi (r ¼ 0.99) lignites. The data generated through Rock-
Eval pyrolysis on the lignites of Cambay basin are furnished in
Table 3. The immaturity is revealed in cross plot (Fig. 2) between
Tmax and hydrogen index (HI) which indicates immaturity and
terrestrial origin of these lignites. The latter is indicated by theFigure 7. Ternary diagram based on maceral composition indicating the hydrocarbon
potential of lignites of Cambay basin (after Tissot and Welte, 1984).dominance of kerogen Type-III organic matter with a little bit of
kerogen Type-II. This is supported by the plot between HI and OI
(Fig. 3) where the values fall between kerogen Type-III and
Type-II.
The potential of humic coals (kerogen Type-III) to expel hydro-
carbon has earlier been worked out by Petersen (2005, 2006).
Similar studies have also been carried out by Singh (2012) for
Vastan and Rajpardi lignites (India) and by Singh et al. (2013) for
East Kalimantan coals of Indonesia and by Raju and Mathur (2013)
for Giral and Barsingsar mines of Rajasthan. The cross plot between
H/C and O/C (Fig. 4) atomic ratios show that the Cambay basin
samples fall in the lignite and sub-bituminous range having
kerogen Type-III. However, samples of Tadkeshwar lignite seams
have scattered towards bituminous range. This could be due to
localized heat effect leading to relatively enhanced coaliﬁcation
which is also evidenced in the Seyler’s diagram (Fig. 5). The
hydrogen and carbon composition in Seyler’s diagram indicates
that Rajpardi lignites are perhydrous in nature while Tadkeshwar
lignites are subhydrous in nature. The Vastan lignites, however, fall
in the bright coal band of Seyler’s chart.
The cross plot between vitrinite reﬂectance and hydrogen in-
dex (Fig. 6) reveals that the lignites of Vastan and Tadkeshwar
upper seams are more gas-prone while Rajpardi and Tadkeshwar
lower seams are oil-prone. The analytical results reveal that S1
values (free hydrocarbon distilled out of samples at initial heating
of 300 C) in the Cambay basin lignites range from 2.47 to 6.63 mg
HC/g which makes it a good source rock considering 1 mg HC/g as
cut-off value whereas S2 values (ﬁxed hydrocarbons) are several
fold higher than the free hydrocarbons. Relatively it is high in
Rajpardi seam samples varying from 55.94 to 196.49 mg HC/g (av.
115 mg HC/g). It is followed by Tadkeshwar lower seam samples
(67.28 to 127.37 mg HC/g, av. 1.1032 mg HC/g), Vastan upper seam
samples (54.63 to 176.27 mg HC/g; av. 94.20 mg HC/g), and Tad-
keshwar upper seam samples (50.09 to 117.39 mg HC/g, av.
81.41 mg HC/g). Considering 5 as cut-off values for S2 again it
indicates a good source rock for hydrocarbon generation. S3 values
range from 19.51 to 26.33 mg CO2/g and indicate the trapped
carbon-dioxide which is released during the pyrolysis up to a
temperature of 390 C. This is also considered to be proportional
with the oxygen present in the Cambay basin lignites. Here S1 hasFigure 8. Cross plot between total organic carbon (TOC) and ﬁxed hydrocarbon po-
tential (S2) of the analysed lignite samples of Cambay basin (modiﬁed after Peters and
Cassa, 1994; Dembicki, 2009).
Table 4
Coal characteristics of the investigated area indicating its suitability for hydrogenation.
S. No. Properties of coal required for hydrogenation
(after Cudmore, 1977)
Characteristic of Vastan lignite Characteristics of
Rajpardi lignite
Characteristics of Tadkeswar lignite
Upper seam Lower seam Upper seam Lower seam
1 Vitrinite reﬂectance (VRr) <0.8 0.30 0.34 0.27 0.32 0.31
2 H/C atomic ratio >0.75% 0.93 nd 1.18 0.64 nd
3 Vitrinite þ liptinite content >60% 89.02 96.43 93.95 90.18 93.64
4 Volatile matter (daf) >35% 58.48 53.68 63.31 54.21 67.98
5 Concentration of heteroatoms Relatively low low low low low low
ndenot determined.
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each other. Thus, with increase in the free hydrocarbons there is
increase in the ﬁxed hydrocarbon which is generated after ther-
mal cracking between 300 C and 650 C and indicates theTable 5
Values of conversion, oil yield and petrofactor calculated for the lignites of Cambay
basin, Gujarat using empirical formula.
S. No. Conversion (%) Oil yield (%) Petrofactor
(RF)
Conversiona Conversionb
V11 Vastan upper
lignite seam
95.11 93.92 63.85 4.63
V10 93.26 63.13
V9 95.27 96.21 66.37 4.45
V8 94.51 64.50
V7 94.69 64.70
V6 94.46 64.45
V5 93.94 92.75 62.57 6.03
V4 94.60 64.61
V3 95.17 65.23
V2 92.83 62.65
V1 94.94 96.04 66.19 4.83
Mean 94.81 94.40 64.38 4.98
VL6 Vastan lower
lignite seam
95.41 96.04 66.19 4.27
VL5 96.01 66.15
VL4 95.35 95.96 66.09 4.34
VL3 95.40 65.48
VL2 96.38 66.56
VL1 95.52 65.61 5.26
Mean 95.38 95.89 66.01 4.62
R10 Rajpardi
lignite
seam
94.56 94.53 64.52 5.28
R9 96.00 66.13
R8 95.28 65.35
R7 95.29 95.66 65.77 4.42
R6 95.40 65.48
R5 95.90 66.03
R4 95.24 65.31
R3 95.39 65.46
R2 95.81 65.93
R1 94.66 94.70 64.71 5.17
Mean 94.84 95.39 65.47 4.96
T10 Tadkeshwar
upper
lignie seam
95.04 96.30 66.47 4.72
T9 94.30 64.27
T8 95.26 65.33
T7 94.87 93.46 63.35 4.92
T6 93.73 63.64
T5 94.20 93.51 63.40 5.71
T4 93.22 63.08
T3 95.23 65.29
T2 95.61 65.72
T1 94.89 95.74 65.85 4.90
Mean 94.75 94.64 64.64 5.06
TL7 Tadkeshwar
lower
lignite seam
95.06 96.26 66.43 4.69
TL6 95.47 65.56
TL5 95.00 95.64 65.75 4.77
TL4 95.51 65.60
TL3 95.16 65.22
TL2 94.61 64.61
TL1 94.98 94.64 64.64 4.79
Mean 95.01 95.33 65.40 4.75
Petrofactor (RF) ¼ 1000 Rmax/RM.
a Guyot, 1978; Conversion (%) ¼ 99e0.84 RF.
b Jin and Shi, 1997; Conversion (%) ¼ 0.2 RMþ76.6; Oil yield (%) ¼ 0.22 RMþ44.8.hydrocarbons which a sample may potentially produce. This
analysis also reveals that Hydrogen Index (HI, 188.38 to 262.67 mg
HC/g TOC) is many fold higher than Oxygen Index (OI, 45.67 to
60.13 mg CO2/g TOC). The ternary plot, based on maceral
composition of Cambay basin lignites, indicates generation of
mainly the lighter hydrocarbons (Fig. 7). The plot between TOC
and S2 (Fig. 8) clearly shows that these lignites could prove to be
an excellent source rock for the hydrocarbon generation. Further,
a positive correlation (r ¼ 0.48) between them indicates that the
organic carbon is favorable for the generation of hydrocarbon
through thermal cracking. TOC maintains a strong positive cor-
relation (r ¼ 0.61) with S2 indicating its contribution to CO2 in the
samples.
The Cambay basin lignites have very high concentration of
reactive macerals (89.02e96.43%) and at the same time, the other
conditions are favorable for them to be considered for their lique-
faction (Table 4). The empirically derived equations of Guyot (1978)
and Jin and Shi (1997) have also been used to calculate the ‘con-
version’ of coal to oil and ‘oil yield’ of the Cambay basin lignites
(Table 5). A strong positive correlation between conversion and
huminite (r ¼ 0.73) indicates the positive role of this maceral. The
role of petrofactor has also been realized in liquefaction of Cambay
basin lignites. Petrofactor holds a relation with conversion
(r ¼ 0.70) and with oil yield (r ¼ 0.69) whereas it has a low
correlation with volatile matter (r ¼ 0.23) and H/C ratio (r ¼ 0.08)
indicating their insigniﬁcant role. The conversion of these lignites is
high (94.4e95.89%) while the oil yield (64.38e66.01%) is signiﬁcant
(Table 4). The empirically derived values are in agreement with the
rock-eval data. A strong sympathetic correlation (r ¼ 0.81) exists
between conversion and oil yield (Fig. 9). The variation of S1, S2, oilFigure 9. Correlation between conversion and oil yield in the lignites of Cambay basin.
Figure 10. Variation of S1, S2, oil conversion and oil yield with height in the lignites seams of Cambay basin.
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basin is shown in Fig. 10aed (see Tables 3 and 5).5. Conclusions
The Cambay basin of Gujarat, Western India has extensive
lignite sequences which have been studied in detail for their hy-
drocarbon potential. A total of 44 composite samples were studied
by petrography, proximate and ultimate analyses, and Rock-Eval
pyrolysis. The following conclusions may be drawn from our
investigation:
(1) The maceral analysis of these lignites shows that they are
huminite rich (71.6e76.9%) while liptinite (10.1e19.3%) and
inertinite (3.6e9.8%) occur in low concentrations. Vitrinite
reﬂectance (0.27e0.34%) places them as ‘low rank C’ lignite.
(2) The volatile matter is high (53.68e67.98% daf) and there is
variable ash yield (4.71e12%). The sulfur content is moderate
(0.12e0.75%) except in few sections. Study reveals that Rajpardi
lignites are perhydrous while Tadkeshwar lignites are sub-
hydrous in nature and Vastan lignites fall within ‘bright coal
band’.
(3) Study indicates their immaturity and dominance of kerogen
type-III of organic matter with a little bit of kerogen type-II.
(4) The amount of ﬁxed hydrocarbons (81.41 to 115.70 mg HC/g)
is several fold higher than the free hydrocarbons (2.47 to
6.63 mg HC/g) in the Cambay lignites making them a good
source rock for hydrocarbon generation. The relationship
between them is sympathetic and they complement each
other. It is also supported by the empirical study which showsa very high conversion (94.4e95.89%) and oil yield
(64.38e66.01%).
Considering the huge lignite resource of the basin the study
would help in targeting these resources for better utilization
through liquefaction.Acknowledgments
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